Microwave (MW) plasma was applied to the surface of polyimide (PI) films as a treatment to enhance the adhesion between copper deposition layer and PI surface for electroless plating. The influences of nitrogen MW plasma treatment on chemical composition of the PI surface were investigated by using X-Ray photoelectron spectroscopy (XPS). The wettability was also investigated by water contact angle measurement. The surface morphologies of PI films before and after treatment were characterized with atomic force microscopy (AFM). The contact angle results show that was dramatically decreased to 16.1 at the optimal treatment condition from 72.1 (untreated PI). However, the root mean square (RMS) roughness of treated PI film was almost unchanged. The AFM roughness was stayed from 1.0 to 1.2 with/without plasma treatment. XPS data show a nitrogen increase when PI films exposed to N 2 MW plasma. Electroless copper depositions were carried out with the free-formaldehyde method using glyoxylic acid as the reducing reagent and mixture palladium chloride, tin chloride as activation solution. Adhesion property between polyimide surface and copper layer was investigated by tape test.
INTRODUCTION
A PCB is the platform upon which electronic components such as integrated circuit chips and capacitors are mounted. It can be classified into rigid and flexible types. A flexible printed circuit board (FPCB) has many advantages compared to rigid boards because of their flexibility, especially in applications demanding more integrated electronic devices. FPCB, which is used for slide type cellular phones, consists of flexible copper clad laminate (FCCL) and cover layer. Electric signals are conveyed via FCCL of FPCB between keypad and display panel. Polyimide (PI) films coated copper is used as FCCL in electronic industry. However, in spite of the extensive usage as well as the detailed characterization of the PIs, applications of the materials are limited by their hydrophobic surfaces, which result in poor wettability and adhesion. The adhesion of a metal to the PI film is generally poor, unless the PI surface is pretreated prior to metallization.
Pretreatment of polymers with the purpose to change adhesion properties can be classified in two main methods: chemical surface modifications and physical surface * Author to whom correspondence should be addressed.
modifications. Wet chemical processes are highly efficient but result in the disadvantage of a very strong substrate roughening.
Among those modification methods, plasma and ionbeam treatments are being used to an increasing extent. The effects caused on the polymer surface by these techniques are the incorporation of functional groups, changes in the surface morphology, and alteration in the chain structure.
Most previous plasma works on polyimide or other polymers focused on radio frequency (RF) plasma treatment. [1] [2] [3] While RF plasmas are currently used as the standard production for polymer modification; interest in microwave (MW) plasma has multiplied in the last few years. Characterized by their high density of active particles are capable for etching the same material at the rate at least ten times greater than RF plasmas because of high ion density by MW plasma. 4 In this work, MW plasma was applied to the surface of polyimide (PI) films as a treatment to enhance the adhesion of electroless copper deposition layers. The influences of nitrogen MW plasma treatment on characteristics of electroless copper coatings as well as on the chemical composition of the PI film surface were investigated at 
EXPERIMENTAL DETAILS

Materials
Kapton ® film (PI film, DuPont ™ ) was prepared as flexible substrate and cut in 60 × 15 mm 2 . Polyimide has two difference surfaces. The 'top' surface is referred to as the 'bright' or 'shiny" side; the 'bottom' side is 'dull' and purposely roughened in the manufacture of the film to improve handling characteristics. Most adhesives bond better to the dull side. 5 In our experiments we always choose the roughened side of the PI as the modification side; this side also has a slightly convex curvature.
Surface Modification
The experiments were performed in a MW plasma system model MPS-60R produced by Woosin CryoVac company, operating at 2.45 GHz. The aluminum process chamber 480 × 480 × 500 mm 3 is equipped with a grounded aluminum substrate holder and a fused silica window. The pump speed was held constant. The process parameters in the MW plasma treatment (i.e., power, time, flow rate) were varied in order to achieve the optimal result.
Electroless Plating
Following the microwave plasma treatment, the samples were activated with the Sn/Pd catalyst in 4 min at room temperature. Then, electroless copper was deposited by free formaldehyde method using glyoxylic acid as a reducing agent for 40 min at 40 C. Chemical solutions for activation step 6 and electroless deposition were shown in Table I .
The wettability of the surface of PI films was characterized by the contact angle meter, model SEO 300A by Surface and Electro-Optics. Deionized (DI) water was used as a liquid in the measurement. A pendent water drop that was formed at the tip of the syringe and the specimen was raised until it touched the bottom of the drop. After the DI water drop was dropped onto the surface of the plasma-treated PI substrate, the advancing contact angles were measured immediately by a sessile drop method. It was found that the shape of the drop on the surface was not changed significantly during the measurement. All measurements were carried out at 25 ± 0.1 C. Contact mode atomic force microscopy (AFM, THERMOMICRO-SCOPES ™ , AP-0100) was used in order to characterize the morphological change of microwave plasma-treated PI surfaces. Images were obtained using Thermo Microscopes with silicon nitride probe mounted on a cantilever. Imaging was performed in contact mode. The X-ray photoelectron spectroscopy (XPS) measurement of PI surfaces was performed using MgK light source (1253.6 eV) and concentric hemispherical analyzer (CHA). SEM images (Phillips XL30-FEG, JEOL JSM-890) and XRD spectra (HR-XRD, Bruker D8 Discover system) were used to study Cu surface structure. Practical adhesion of the electroless Cu films on PI substrate was evaluated using the standard Scotch ® tape test, performed with the 3 M Scotch ® tape. Figure 1 shows contact angle of N 2 plasma treated PI with different MW power and N 2 flow rate. Water contact angle was decreased with N 2 plasma treatment. Especially, increasing N 2 flow rate led to wettable surface more than untreated PI surface (until 100 sccm). However, after 100 sccm of N 2 , water contact angle was increased, namely, 100 sccm of N 2 flow rate is turning point of in this experiment. Also, at this point contact angles of 400, 500, and 600 W samples were stayed in the same error range with almost the same value. Thus, we determined the optimal condition that is 400 W of MW power with 100 sccm of N 2 flow rate. In plasma modification, the changes of surface wettability depend on surface free energy of materials. While surface free energy is determined by discharge energy. Discharge energy equals to the product of discharge power and treatment time. Generally, different discharge system can produce different discharge energy. Thus, treatment efficiency can be correlated with the parameter "degree of treatment," W (J/cm 2 , defined as the discharge energy delivered per unit area of the treated sample surface. 7 It is expressed as follows:
RESULTS AND DISCUSSION
Wettability of Polyimide Film Surface
Here, t is the treatment time (second); P is the plasma power (watt); A is the sample area (cm 2 exposed to the discharge. In general, the changes of wettability are dependent on the energy transmitted to material surface by reactive species in plasma. As shown in Eq. (1), degree of treatment W belongs to the plasma power, P and the treatment time, t if area, A is constant.
From the Figure 1 , 400 W of MW power and 100 sccm of N 2 flow rate were selected the optimal condition. Also, from the Eq. (1), we could use treatment time dependence for PI surface modification. Table II shows contact angle with increasing treatment time. It reveals that the water contact angles were decreased when treatment times increased. Contact angle was decreased with increasing 'W ' as shown in Figure 2 .
When 'W ' increases, this usually leads to increasing energetic species or plasma heating effect. The energetic species collide with material surface and transmit the energy to the surface. This leads to increasing the surface free energy (or surface energy) and improvement of wettability. The reactive sites on PI were created by the MW plasma treatment such as active nitrogen species (N 2 plasma). PI surface was exposed with highly reactive MW plasma treatment. After MW plasma treatment, the wettability is improved.
Morphology of Polyimide Film Surface
Morphological changes of PI surface by nitrogen MW plasma were investigated by contact mode AFM as shown in Figure 3 . RMS roughness seems to be decreased by MW plasma treatment. Plasma bombardment was not affected to surface. If plasma heating effect is applied to this phenomenon, contact angle must be increased by smooth surface. However, contact angle was decreased by MW plasma treatment. It caused by increasing the surface energy by nitrogen doping.
XPS Spectra of Polyimide Film Surface
To fully understand the effect of MW plasma treatments on the surface chemical modifications, chemical bonding states on the MW plasma-treated PI surfaces were analyzed by XPS. The elemental percents (relative percent of elements on the surface within the XPS region) of the PI surface after irradiation by nitrogen MW plasma were calculated from the integral intensities of the peaks of each element and are shown in Table III . It is evidence with N 2 MW plasma treated PI that the atomic percents of carbon were reduced in comparison with none treated PI. Moreover, the atomic percents of nitrogen and oxygen were increased. The results indicated that when nitrogen MW plasmas were applied on the PI films, the PI films were modified by activated species that broke chemical bond of C-C on the PI surface. It resulted in the decreasing of the relative surface composition of carbon on PI films. The reason of the increasing nitrogen content is that nitrogen containing functional group was introduced on the PI surface during N 2 MW plasma treatment. In order to understand the changes in the chemical bonding states after MW plasma, the core-level XPS spectra were analyzed in detail. It was reported that most of noticeable changes in XPS spectra after plasma or ionbeam treatments can be identified from C 1s spectra. 2 8-10 Figure 4(a) shows the C 1s core level XPS spectra of none treated PI. The component peak 1 at 284.6 eV in the C 1s peak is attributed to C-C bonding in two benzene rings of the oxydianiline (ODA) structure. 8 The component peak 2 at 285.7 eV should be separated into 2 different peaks if the peak separation is carried out more strictly. However, since the positions of these peaks are too close to be separated, these peaks were considered as one summed peak. 8 One part of this peak is attributed to C-C bonding of carbon atoms in the benzene rings of the pyromellitic dianhydride (PDMA) structure; another part contains a peak related to N-C bond. Peak 3 at 286.7 eV corresponds to a C-O bond.
11 Peak 4 at 288.6 is attributed to C O double bond. After exposing to N 2 MW plasma, the decrease of component peak 1 was observed. Furthermore, the component peak 2 was increased as shown in Figure 4(b) . This indicates that during N 2 MW plasma treatment, nitrogen was introduced onto the surface of PI film in the form of N-C. These resulted in the increase of wettability of the PI surface and low water contact angles.
Electroless Copper Deposition
Electroless plating bases on the reduction that takes place only at a solid/liquid catalytic interface. The palladium chloride is reduced to palladium metal then acts as a catalyst to initiate the deposition of electroless copper. The reaction of palladium chloride in the activation solution is:
The overall reaction of glyoxylic acid and copper in plating bath is: SEM images revealed that copper layer deposited on polyimide films was uniform in the case of N 2 MW plasma treatment in comparison with none treated sample ( Fig. 5(a) ). The X-ray diffraction patterns of Cu layers on PI substrates were shown in Figure 5(b) . It can be seen that the copper films had three main crystal faces (111), (200) and (220), of which, it's clear face was the (111) plane. This agrees with the standard taken from JCPDSinternational centre for diffraction data, PCPDFWIN v2.1. From these results, the intensity of the peaks (111) in the case of N 2 MW plasma pretreatment was higher than none treated sample. Moreover, the volume resistance of electroless Cu layer was 10 · cm with N 2 MW plasma treatment while it was 28 · cm in none treated PI film. N 2 Mw plasma treatment effect was explained achievement of highly uniform Cu layer and high XRD peak intensity because electroless plating bases on the reduction that takes place only at a solid/liquid catalytic interface. The palladium chloride is reduced to palladium metal then acts as a catalyst to initiate the deposition of electroless copper. Then Pd, the catalyst of the redox reaction, cannot be chemisorbed directly on polymer surfaces carrying only oxygenated species. This can be interpreted by strong chemical affinity of Sn towards oxygen and by the non-affinity of Pd towards this same element. On the other hand, Pd can be directly chemisorbed well on the polymer surfaces carrying nitrogenated species. This can be explained by the strong chemical affinity of palladium towards nitrogen. [14] [15] [16] As proven when we analyzed XPS spectra in Figure 4 that the N 2 MW plasma did insertion of nitrogen on the PI surface. Thus, N 2 MW plasma treated PI surface has more Pd atoms than none treated PI. As a result, large amount of copper atom was deposited on PI surface by N 2 MW plasma treatment because more Pd atoms were adsorbed on PI surface.
XP spectra of activated PI substrate by Pd/Sn solution were also investigated to make sure N 2 MW plasma treatment effect (shown in Fig. 6 ). In reaction ( * ), Sn has both oxidation states of Sn 2+ and Sn 4+ in the activation solution because Sn was used in a large amount (2.5 g in 100 ml solution) in comparison with Pd (0.04 g in 100 ml solution), it was still on the PI surface even the samples were washed by HBF 4 acid. As proven by XPS spectra in part 3.3, after N 2 MW plasma treatment, the oxygen content on the PI surface was increased in comparison with non-treatment sample; this led to increase Sn adsorbate more than none treated PI. These are clearly shown in Figure 6 (a) in which the intensity of both Sn 2+ (487.5 eV) and Sn 4+ (488.5 eV) were increased after N 2 MW plasma treatment. Figure 6 (b) shows that Pd has two bonding states: 337.7 eV corresponding to Pd 0 and 338.5 eV corresponding to Pd 2+ for none treated PI. Only a small shoulder of the peak 338.5 was observed in the N 2 MW sample while the peak 337.7 was much higher than none treated PI because the lone pair electrons on the nitrogen and oxygen on the PI surface are the interaction sites, the low shift in the Pd binding energy was explained formation of new the chemical bonds between palladium and nitrogen, which has lower electronegativity than oxygen. This shows that nitrogen was easily adsored on PI surface with N 2 MW plasma treatment. From these results, N 2 MW plasma treatment sample contained lots of Pd adsorbate more than none treated PI.
The adhesion strength between copper layer and PI substrate was also checked by using Scotch ® tape test. 17 The result showed that copper layers were easily removed from none treated PI substrate. Whereas, in the case of N 2 MW plasma treatment, the copper layers were stable. 
CONCLUSION
Polyimide films were treated by N 2 microwave (MW) plasma. Surface properties and chemical composition of the plasma treated polyimide films were investigated by contact angle, AFM images, and XPS spectra. The copper electroless deposition layer properties were investigated by using SEM, XRD spectra. The electrical volume resistivity of copper layer on polyimide substrate was measured by four-point probe method. Tape test was applied to examine adhesion strength. The results showed that N 2 MW plasma was successfully used for achievement of chemical modification on the PI surface. The N 2 MW plasma produces chemical change to the PI surface through nitrogen insertion on the PI surface. A direct correlation between the N concentration and Cu coverage was observed. Uniform surface and low volume resistance of copper layer were achieved by electroless plating with N 2 MW plasma treatment. In this work, the adhesion improvement process between copper layer and PI substrate was suggested by using N 2 MW plasma treatment instead of NH 3 plasma. Using N 2 gas process is an environmental friendly process.
